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We report a Molecular Dynamics (MD) study of the interface between water and the hygroscopic

room temperature Ionic Liquid ‘‘IL’’ [BMI][PF6] (1-butyl-3-methyl-imidazolium

hexafluorophosphate), comparing the TIP3P, SPC/E and TIP5P models for water and two IL

models where the ions are �1 or �0.9 charged. A recent MD study (A. Chaumont, R.

Schurhammer and G. Wipff, J. Phys. Chem. B, 2005, 109, 18964) showed that using TIP3P water

in conjunction with the IL�1 model led to water–IL mixing without forming an interface, whereas

a biphasic system could be obtained with the IL�0.9 model. With the TIP5P and SPC/E models,

the juxtaposed aqueous and IL phases are found to remain distinct for at least 20 ns. The

resulting IL humidity, exaggerated with the IL�1 model, is in better agreement with experiment

using the IL�0.9 model. We also report demixing simulations on the ‘‘randomly mixed’’ liquids,

using the IL�0.9 model for the ionic liquid. With the three tested water models, the phases

separate very slowly (E20 ns or more) compared to ‘‘classical’’ chloroform–water mixtures (less

than 1 ns), leading to biphasic systems similar to those obtained after equilibration of the

juxtaposed liquids. The characteristics of the interface (size, polarity, ion orientation, electrostatic

potential) are compared with the different models. Possible reasons why, among the three tested

water models, the widely-used TIP3P model exaggerates the inter-solvent mixing, are analyzed.

The difficulty in computationally and experimentally equilibrating water–IL mixtures is attributed

to the slow dynamics and micro-heterogeneity of the IL and to the different states of water in the

IL phase.

Introduction

Room-temperature ionic liquids (ILs) are generally composed

of organic cations (e.g. ammonium, imidazolium, phospho-

nium, pyridinium) and anions1,2 whose nature largely deter-

mines the IL properties 3–8 and, in particular, the macroscopic

nature of mixtures with water. For instance, ILs based on

hydrophilic anions like Cl� or BF4
� are miscible with water,

but those containing the hydrophobic PF6
� or Tf2N

� anions

(Fig. 1) are not. This feature can be exploited for liquid–liquid

separation purposes, generally achieved with higher efficiency

compared to traditional organic liquids, thereby providing

promising ‘‘green perspectives’’ related to the unique solvation

and physical properties of the ILs (non volatile, stable, easily

tunable, with large electrochemical windows).9–14 The imida-

zolium-based hydrophobic ILs are quite commonly used and,

like traditional hydrophobic liquids, form a macroscopic

‘‘interface’’ with water. Its microscopic nature is, however,

so far poorly understood. As charge–dipole interactions are

generally stronger than dipole–dipole interactions, the IL ions

interact more strongly with water than do organic molecules

(e.g. hydrocarbon derivatives, aromatic solvents), perhaps also

modifying the properties of the interface. Another distinguish-

ing feature of ILs is their hygroscopic character 15–17 and,

depending on the IL constitution, the interface can be expected

to evolve from an abrupt and molecularly-sharp zone, as in the

case of traditional liquids,18 to a broader interfacial domain of

mixed liquids in gradient concentrations. It is important to

understand the interfacial properties of the ILs, which play a

key role in fundamental processes like phase transfer catalysis,

liquid–liquid extraction and separation processes.

Molecular dynamics (MD) simulations contribute to our

understanding of the microscopic nature of interfaces,18 but

publications with ILs are still scarce. Most simulations focused

on pure IL properties,19–23 or their solvation properties to-

wards ionic24–29 or neutral30,31 solutes, or their mixtures with

liquids like water30,32,33 or CO2.
34 A few studies dealt with the

IL–gas interface,35–37 or the disruption of the aqueous ‘‘inter-

face’’ formed by the dimethylimidazolium chloride IL.38 Our

Fig. 1 The BMI+, OMI+, PF6
� and Tf2N

� ions.
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group simulated the aqueous interface with imidazolium-

based [BMI][PF6] and [OMI][PF6] ILs with a common PF6
�

anion39,40 and, more recently, the [BMI][Tf2N] interface with a

more hydrophobic anion (acronyms are defined in Fig. 1).41

These studies employed the TIP3P model for water, and it was

found that in the case of the [BMI][PF6] IL represented with a

‘‘primitive’’ model (denoted IL�1 i.e. with �1 charged ions),

the juxtaposed liquids slowly mixed during the dynamics

without forming an interface. A biphasic system could be

obtained, however, by turning the IL more hydrophobic, i.e.

by reducing its ion charges to �0.9 (IL�0.9 model), which

mimics the anion-to-cation charge transfer.21 To our knowl-

edge, no comparison of water models has been achieved so far

and, as a first step, we decided to consider the [BMI]

[PF6]–water binary system and to compare three widely used

models based on a 1-6-12 representation of non-bonded

interactions, namely, the three points TIP3P42 and SPC/E43

models and the more computationally demanding five points

TIP5P44,45 model. The main characteristics of these models are

reported in Fig. S1z. The water–IL system will be simulated

starting from juxtaposed solvent boxes of water and IL, in

order to investigate whether the liquids mix or form a biphasic

system and, if the latter, how does the inter-solvent mixing

compare with experiment. The resulting characteristics of the

interface, when formed, will be compared. Equilibration of

these systems is a difficult task, both experimentally and

computationally. As such, we will also consider the time

evolution of ‘‘randomly mixed’’ liquids to determine to what

extent they separate, and compare the results with those

obtained after the simulations at Preformed Interfaces (PI).

For convenience, we denote the water–IL systems by their

models, e.g. IL�0.9/TIP5P or IL�1/SPCE; the ‘‘PI’’ simulations

start with a Preformed Interface, and the ‘‘DE’’ demixing

simulations start with randomly mixed liquids.

Methods

MD simulations have been performed with the AMBER 7.046

software with the following representation of the potential

energy U:

U ¼
X
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It accounts for the deformation of bonds, angles, dihedral

angles, electrostatic and van der Waals 1-6-12 interactions.

Non-bonded interactions were calculated with a 12 Å atom-

based cutoff, correcting for the long-range electrostatics by

using the Ewald summation method (PME approximation47).

The solutions were simulated with 3D-periodic boundary

conditions. The solvents were represented explicitly at the

molecular level with the TIP3P42, TIP5P44,45 or SPC/E43

models for water, with the OPLS48 model for PF6
� anions

and with parameters of reference49 for BMI+ cations. Two

electrostatic models were used for the IL ions: the ‘‘standard’’

model with �1 charged ions, denoted IL�1, and a ‘‘scaled’’

model with �0.9 charged ions, denoted IL�0.9. The corre-

sponding atomic charges and AMBER atom types are given in

Fig. S1z. Cross terms in van der Waals interactions were

constructed using the Lorentz–Berthelot rules. The 1–4 van

der Waals interactions and the 1–4 electrostatic interactions

were scaled down by 2.0 and 1.2, respectively as recommended

by Cornell et al.50 The interface was built from adjacent boxes

of water and IL, containing 2119 H2O and 181 BMI+ PF6
�

molecules, respectively. The resulting box size is 40 � 40 � 80

Å3. After 1000 steps of energy minimization (100 steps by the

steepest descent and 900 steps by conjugate gradients), we

performed 150 ps of dynamics at 300 K at a pressure of 1 atm,

followed by a production step at constant volume. The

temperature was kept constant by coupling the solution to a

thermal bath using the Berendsen algorithm51 with a relaxa-

tion time of 0.2 ps. In the case of (NPT) simulations at

constant pressure, the pressure was similarly coupled to a

barostat51 with a relaxation time of 0.2 ps. All C–H bonds

were constrained with SHAKE,52 using a time step of 2 fs to

integrate the equation of motion.

Mixing–demixing MD simulations were performed on

[BMI][PF6]–water mixtures. The mixing stage started after

ca. 10 ns of dynamics at the PI and was achieved by running

1 ns of dynamics at 600 K with biased potentials (electrostatics

scaled down by using a dielectric constant of 100). The

subsequent DE simulations were performed at a temperature

of 300 K, resetting the dielectric constant to 1.

The trajectories were saved every ps and analyzed by visual

inspection at the computer graphics systems and using our

MDS software.53 The snapshots presented here were redrawn

with the VMD software.54 The densities of water and of the IL

were calculated as a function of the z-coordinate in slices of

Dz= 0.5 Å width and the position of the interface (z= 0) was

dynamically defined by the intersection of the water and IL

density curves, calculated from all atoms present in the Dz
slice. In order to be able to compare one system to the other or

to describe the time evolution of a given system, we decided to

define the ‘‘frontier’’ between the ‘‘bulk’’ liquid and interfacial

domains at z = �12 Å, which is generally somewhat more

than half of the interfacial width (vide infra). The amount of IL

in bulk water was estimated as an average of the XMI+ and

PF6
� contributions, selecting the center of mass of the ions to

Table 1 Characteristics of the simulated water–IL systems

Time/ns

Preformed interfacea

IL�1/SPC/E PI 20
IL�1/TIP5P PI 21
IL�0.9/TIP3P PI 20
IL�0.9/SPC/E PI 30
IL�0.9/TIP5P PI 25
Mixed system

b

IL�0.9/TIP3P DE 21
IL�0.9/SPC/E DE 40
IL�0.9/TIP5P DE 25

a PI: Simulation starting at a preformed interface. b DE: Demixing

simulation.
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define their position. The electrostatic potential f(z) was

calculated with a 12 Å cutoff + PME correction during the

last ns. f(z) was obtained in xy slices of Dz = 0.5 Å thickness,

as an average over 5 � 5 grids of about 64 Å2 each, including

the contributions of all ions and solvent atoms of the simu-

lated box or of its nearest periodic image. The diffusion

coefficients D were calculated with the Einstein relation:

D ¼ 1
6
lim
t!1

d
dt

riðtÞ � rið0Þj j2
D E

, and averaged for 0.5 ns for all

molecules that reside in a given domain during that time.

Results

Water–IL mixing, obtained from juxtaposed versus mixed

liquids

In this section, we first examine the evolution of a biphasic

water–IL system built from adjacent liquids (PI simulations),

with the main aim to test the different models to discover

whether the phases remain separated to form an interface or

mix during the dynamics. Furthermore, the extent of solvent

mixing in the simulation will be compared with experiment

and characterized by the molar fraction of IL in water (here-

after denoted xIL) and of the molar fraction of water in the IL

(hereafter denoted xwat). There are different experimental

values of xIL and xwat (Table 2), depending of the IL purity

and working conditions, and we will take the values of

Anthony et al.15 (xIL E 1.3 � 10�3 and xwat E 0.26) for the

[BMI][PF6] IL for reference. These values were obtained at a

controlled temperature of 22 1C, after extensive stirring (24 or

48 h), followed by 1 to 2 hours of decantation. They are close

to those obtained by Luo et al.55 after 1 h of shaking. Higher

xwat values correspond either to more extensive mixing

(xwat = 0.30 in ref. 56) or possibly to impurities (xwat =

0.68 in ref. 57). Note that for xIL, the comparisons with

simulation results can be only qualitative, for several reasons.

At the macroscopic scale, each phase is electrically neutral,

while in the calculations (‘‘nano solution’’), one may find some

excess of IL anions over cations in ‘‘bulk’’ water (vide infra),

and xIL is calculated from the average of the cation and anion

contributions. Second, the number of IL ions in water is small

and fluctuates with time (Fig. S7z), leading to poor statistics.

Also, note the somewhat arbitrary definition of the ‘‘inter-

facial’’ and ‘‘bulk’’ liquid domains, which are less well sepa-

rated with the IL than with classical liquids. Due to computer

time limitations, the dynamics were generally stopped when

the calculated value of xwat clearly exceeded the experimental

ones. Furthermore, we did not recalculate the IL�1/TIP3P

system that has been found to mix.39 Typical snapshots at the

end of the dynamics can be seen in Fig. 2, S2z and S3z, and the

time evolution of the xIL and xwat is presented in Fig. 3 and

S6z. The IL and water density curves are also represented in

Fig. S3z. The final xIL and xwat values are collected in Table 3.

The two simulations with the IL�1 model were thus per-

formed in conjunction with the SPC/E and TIP5P water

models, yielding significantly different results. The IL�1/SPCE

system did not stabilize during the simulated 20 ns, as the

liquids continuously mixed, finally reaching molar fractions

xwat and xIL of ca. 0.6 and 0.02, respectively, which are too

high compared to experiment. With TIP5P water, the system

reaches an equilibrium at ca. 12 ns, with xwat displaying a

plateau until the end of the dynamics (20 ns). The IL phase is,

however, too humid (xwat E 0.4) and there is too much IL in

water (xIL E 0.004).

As expected, when the ionic liquid is represented with the

lower charged IL�0.9 model, it mixes less with water and

somewhat different results are obtained, depending on the

water model. With TIP3P water, the IL humidity is ‘‘rapidly’’

stabilized (in ca. 5 ns), leading to a molar fraction xwat of

E0.6, higher than experiment. The xIL value ofE0.008 is also

too high. The IL ions seem to be more hydrophobic with the

TIP5P than with the TIP3P water, because the former model

yields less inter-solvent mixing: xwat E 0.3 and xIL E 0.001.

Note that with this IL�0.9/TIP5P model, the xwat amount of

water in the IL is not constant but oscillates between 0.2 and

0.3 in the 10 to 25 ns time period. With the SPC/E water

model, the IL humidity does not change regularly with time:

xwat amounts to E0.15 after 15 ns, to E0.29 at 22 ns, and to

E0.20 between 25 and 30 ns. These values are closer to those

obtained with the TIP5P, than with the TIP3P water. Thus,

the TIP5P and SPC/E water models, used in conjunction with

the IL�0.9 ionic liquid model, bracket the experimental value

of water in the saturated IL, whereas TIP3P water mixes too

much with the ionic liquid.

The outcome of phase separation was investigated, selecting

for the IL model that did not exaggerate the miscibility with

water, i.e. the IL�0.9 model and the three water models.

Typical snapshots along the dynamics can be seen in Fig.

S4z and S5z, and the time evolution of the demixing index w(t)
is shown in Fig. 4. Initially, the liquids were completely mixed

(wE 0.8) and remained so at 1 ns, which is about the time after

which similar water mixtures with classical liquids are fully

separated.58 After 10 ns, one sees water rich domains and IL

rich domains, but still no well-defined interface between water

and the [BMI][PF6] phase. The demixing index w at that time is

Table 2 Literature values of the molar fractions of water in [BMI][PF6] (xwat) and of [BMI][PF6] in water (xIL)

xwat xIL

Carda-Broch et al., Anal. Bioanal. Chem., 2003, 375, 191 0.21 0.00113
Anthony et al., J. Phys. Chem. B, 2001, 105, 10942 0.26 0.00129
Huddleston et al., Green Chemistry, 2001, 3, 156 0.16 —
Luo et al., Anal. Chem., 2004, 76, 2773 0.25 0.0016
Visser et al., Ind. Eng. Chem. Res., 2000, 39, 3596 0.21 —
Chun et al., Anal. Chem., 2001, 73, 3737 — 0.0012
Schröder et al., New J. Chem., 2000, 24, 1009 0.68 —
Jacquemin et al., Green Chem., 2006, 8, 172 0.30 —
Luo et al., Solvent Extraction Ion Exchange, 2006, 24, 19 0.25 0.0016
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ca. 0.6 with TIP3P water, 0.5 with SPC/E water and 0.4 with

TIP5P water, indicating that the rate of the phase separation

increases in this series. At 20 ns, the two phases are quite

apparent and delineate an interface, and the humidity of the

ionic liquid phase amounts to xwat E 0.25 with TIP5P water,

and to E0.6 with SPC/E water. These values are comparable

to, but somewhat higher than those found when the liquids

were initially juxtaposed. The dynamics with SPC/E water was

pursued up to 40 ns, showing further phase separation and

water diffusion from the IL to the aqueous phase. The final

xwat value ofE0.3 is higher than the final value obtained at the

preformed interface (0.23), and also close to experiment. The

DE simulation with TIP3P water also leads to incomplete

phase separation after ca. 20 ns, without forming a well-

defined interface, and the resulting xwat and xIL values (0.71

and 0.009, respectively) are higher than with the TIP5P or

SPC/E water models. This simulation with TIP3P water has

not been pursued any further because the mixing at the

preformed interface is too high. Thus, the three studied water

models, combined with the IL�0.9 ionic liquid model, lead to

two more or less separated phases as do juxtaposed liquids,

but inter-solvent mixing is exaggerated with TIP3P water. The

Fig. 2 Snapshots at selected water–IL mixtures from MD simulations at PI and from the DE simulation, showing separately, from left to right:

the BMI+ cations (orange), the PF6
� anions (green) and water (blue). A full version of the figure and corresponding density curves are given in

Fig. S2z and S3z.

Fig. 3 Molar fraction of water in IL (xH2O
) and molar fraction of IL in water (xIL) as a function of time (ns). A full version is given in Fig. S6z and

the detailed contributions of BMI+ and PF6
� ions in water are shown in Fig. S7z.
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characteristics of their interfaces are discussed below in more

detail.

Characteristics of the aqueous interface of [BMI][PF6] ionic

liquid. Comparison of different solvent models

In this section, we focus on the interface, calculated using the

different models. As the extent of solvent mixing depends on

the solvent model, it is important to assess to what extent the

interface changes. We thus analyze the interface width, the

orientation of cations at the interface, and the evolution of

electrostatic potentials in the z-direction, which directly re-

flects the charge distribution as one moves from the bulk IL to

the bulk water phase. Unless otherwise specified, we consider

the interfaces obtained from juxtaposed liquids.

Shape and width of the interface. The definition of the

interfacial width is somewhat arbitrary and, as in ref. 39,

was defined as the z-distance between the points where the

solvent densities reach 90% of their ‘‘bulk’’ experimental

values, averaging over the two equivalent water–IL interfaces.

The results are collected in Table 3. For PI, the interface width

decreases in the order: IL�1/TIP3P (mixed) 4 IL�1/SPCE

(mixed)4 IL�0.9/TIP3P (E18.9 Å)4 IL�1/TIP5P (E14.3 Å)

4 IL�0.9/SPCE (E10.9 Å) 4 IL�0.9/TIP5P (E9.3 Å). Similar

values are obtained after the DE simulations, yielding the

same sequence for the studied systems: IL�0.9/TIP3P (E22.1

Å)4 IL�0.9/SPCE (E10.6 Å)4 IL�0.9/TIP5P (E9.4 Å). This

follows the trends in inter-solvent mixing described above,

showing that the interface becomes narrower when the IL ions

get less charged, and when one replaces the TIP3P water by

the other models. The TIP5P interface, where the xIL amount

is the smallest, is also the narrowest. Note, the latter is,

however, wider than the classical chloroform–water interface

(E7 Å).59

Typical snapshots (Fig. 2 and S2z) reveal that the interfaces
are quite rough, even in the case of the IL�0.9/TIP5P system,

for which the interface is narrowest (Table 3). Interestingly, at

that interface, one finds cations and anions of IL that are fully

surrounded by water, thus without contact with the bulk IL

phase and, similarly, water molecules isolated from the bulk

water, solvated by IL ions. Such patterns are amplified with

the other models based on more miscible liquids, and differ

markedly from the classical interfaces where the molecules of a

given liquid always retain direct connections with their bulk

phase.

Orientation of imidazolium cations at the interface. The

BMI+ cations display an amphiphilic topology (apolar butyl

chain and charged imidazolium head) and might adopt specific

orientations at the interface, as found for their analogues with

longer chains.39 In order to analyze this feature with the

different systems, we defined the angle y between the z-axis

of the box and the N–C vector connecting the N2 atom and the

terminal carbon of the alkyl chain, and compared the orienta-

tions of BMI+ cations as a function of their z-position.

The corresponding order parameter S, defined by S = 0.5

h3 cos2 y � 1i would range from �0.5 (if the cations were

perfectly ordered parallel to the interface) to 1.0 (if they were

perpendicular). In fact, all average S values are close to zero

(lower than 0.1 in magnitude) at the interface and in the bulk

IL (Fig. 5 and S8z), indicating that the BMI+ cations are

isotropically oriented in the different portions of the solution

and at the interface with the various models.

Polarity of the interface. A previous report using the IL�0.9/

TIP3P model indicated that the solvent distribution leads to an

electrostatic potential f(z) that changes with the distance from

the interface.39 The potential arises from both short and long

range contributions and thus from the treatments of electro-

statics. The results, obtained using a consistent methodology

for the three water–IL�0.9models and two water–IL�1 models

are plotted in Fig. S9z. They show that f(z) is very similar with

all models, i.e. negative on the water side and positive on the

IL side of the solution. The potential f(z) results from the IL

and water contributions, i.e. from the representation of these

liquids. The resulting f(z)IL and f(z)wat distributions are

found to be antagonistic, and to depend on the water model.

With the SPC/E and TIP3P water, the f(z)wat component is

negative on the water side, and positive on the IL side of the

interface, while with the TIP5P water, the trend is reversed.

The IL model has little effect on the distribution of the

potentials. In the case of TIP5P water, the negative potential

in water may stem from the small excess of PF6
� over BMI+

ions in water, as seen from the analysis reported in Fig. S7z.
With the two other water models, there are similar concentra-

tions of cations and anions in water.

Further insights into the role of water on the interfacial

potential can be obtained by analyzing the total z-component

mz of the m(H2O) dipoles as a function of the z-position in the

solution showing two types of behaviour (Fig. S10z),

Fig. 4 Demixing index w (1/w = 1/dwater + 1/dIL) as a function of

time (ns) for the water–IL�0.9mixtures with the three water models.

dwater is the local density of water and dIL is the local density of the IL,

as defined in ref. 58.

Table 3 Molar fraction of water in the IL and of the IL in water
(averages over the last ns), and width of the interface

xwat xIL Width/Å

Preformed interface IL�1 a

IL�1/SPC/E PI 0.65 0.023 —
IL�1/TIP5P PI 0.45 0.004 14.3
Preformed interface IL

�0.9 a

IL�0.9/TIP3P PI 0.66 0.008 18.9
IL�0.9/SPC/E PI 0.23 0.004 10.9
IL�0.9/TIP5P PI 0.27 0.001 9.3
Demixing simulation IL�0.9 b

IL�0.9/TIP3P DE 0.71 0.009 22.1
IL�0.9/SPC/E DE 0.29 0.002 10.6
IL�0.9/TIP5P DE 0.25 0.001 9.4

a PI: Simulation starting at a preformed interface. b DE: Demixing

simulation.
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depending on the water model. With the TIP5P water, the mz
dipole is positive and maximum at the interface and decreases

to zero in bulk water, whereas with the SPC/E and TIP3P

water models, mz is negative and minimum at the interface.

These features are observed with the IL�0.9 as well as with the

IL�1 models of ionic liquid. This analysis thus shows that the

similarity in interfacial potential f(z) in fact hides a complex

interplay between the model-dependent IL ions and water

distributions, and the resulting electrostatic contributions.

Discussion and conclusions

We reported MD investigations on the interface between the

hydrophobic, but hygroscopic, [BMI][PF6] IL and water,

comparing three water models (TIP3P vs. TIP5P vs. SPC/E)

and two IL models (IL�0.9 vs. IL�1), with the main aim of

assessing the extent of inter-solvent mixing, and the nature of

the resulting interface. The IL�0.9 model is less hydrophilic

than the IL�1 model and corresponds to the scaling factor of

0.9 used previously to mimic the anion-to-cation charge

transfer found by Quantum Mechanical (QM) calculations,

while retaining the dominant polar character of the IL.21,39

Due to the long computing times required, we did not attempt

to optimize this factor, but the results clearly demonstrate the

importance of the water and IL models on the interface

properties. When the IL is represented by its ‘‘primitive

model’’ (�1 charged ions), its interactions with water are

exaggerated, leading to complete mixing with TIP3P water,

and to distinct phases after 20 ns with the SPC/E or TIP5P

juxtaposed liquids. The resulting xIL and xwat values are,

however, clearly too high and should increase further in the

case of the SPC/E interface if the dynamics were extended.

Better results are obtained with the less polar IL�0.9 model,

which interacts less with water, yielding similar xIL and xwat
values when used in conjunction with the TIP5P and the SPC/

E water models, in close agreement with experiment. With

TIP3P water, the miscibilities remain too high. It thus looks as

though the water–IL interactions are too attractive with

TIP3P water. With regard to the IL�0.9 ions solubilized in

water, one sees that there is an equal amount of BMI+ and

PF6
� ions with the TIP3P and SPC/E models, whereas the

PF6
� are in excess with the TIP5P model.

In order to test key interactions involved in the water–IL

mixing, we first analyzed water–ion optimized dimers, as well

as aqueous solutions of IL ions ‘‘at infinite dilution’’ and

‘‘humid’’ IL, with the different models. The results, summar-

ized in Table 4, show that AMBER binding energies of the

PF6
�� � �H2O and BMI+� � �H2O dimers are similar for the two

ions, and similar with the three water models: they range from

�10.0 to �11.4 kcal mol�1 with the IL�1 model, and from

�8.8 to �10.2 kcal mol�1 with the IL�0.9 model. They are also

Table 4 Water–ion dimers. Binding energies calculated with
AMBER and from BSSE-corrected QM calculations

PF6
�� � �H2O BMI+� � �H2O

HFa �9.1 �9.7
DFTa �9.5 �9.5
AMBER (TIP3P) �11.5 �10.2
AMBER (TIP5P) �10.5 �10.3
AMBER (SPC/E) �11.4 �10.0

PF6
�0.9� � �H2O BMI+0.9� � �H2O

AMBER (TIP3P) �10.2 �8.8
AMBER (TIP5P) �9.3 �9.3
AMBER (SPC/E) �10.1 �9.1
a From A. Chaumont and G. Wipff, Inorg. Chem., 2004, 43, 5891.

Fig. 5 Order parameter S of imidazolium cations and water molecules, as a function of their z-position (averages over the last 3 ns). Angle y
between the z-axis and the N2�CH3 vector of the alkyl chain of BMI+, or the H–H vector of the H2Omolecules. A full version of the figure is given

in Fig. S8z.
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close to the QM calculated values (E�10 kcal mol�1 at the

HF or DFT levels with BSSE correction). Looking more

precisely at the small differences shows that the AMBER

interactions with PF6
� follow the order TIP3P E SPC/E 4

TIP5P with the two IL models, while with BMI+ the order of

interactions is: SPC/E o TIP3P o TIP5P (IL�1 model) and

TIP3P o SPC/E o TIP5P (IL�0.9 model).

As solvation may involve multiple modes of binding and

cooperative effects, we also analyzed the water interactions

with the IL ions in diluted aqueous solutions, obtained from

independent simulations with one separated (at ca. 25 Å) ion

pair per box of water. The results (Table 5) show that the PF6
�

anion interacts better than the BMI+ cation with water, by 10

to 30 kcal mol�1 depending on the model, presumably due to

the larger accessibility of PF6
� to water compared to the polar

C–H protons of BMI+. Furthermore, the interactions of the

anion and of the cation do not follow the same order with the

different water models: TIP3P E SPC/E 4 TIP5P for PF6
�

and TIP3P E SPC/E o TIP5P for BMI+. Summing over the

two ion contributions yields similar energies (E�160 kcal

mol�1) with the three water models. There is thus no clear

evidence for stronger interactions of the most miscible (TIP3P)

water model with the two IL ions, compared to the other

models.

The interactions of water with the IL were similarly inves-

tigated with selected models based on two types of system.

First, a single H2O molecule in the IL and, second, a ‘‘humid’’

IL, containing a 1 : 3 ratio of H2O : IL ions, close to the

experimental ratio in saturation conditions (Table 2). The

results show that a single H2O molecule diluted in the IL

interacts with the latter in the order TIP5P o SPC/E o
TIP3P, with different contributions of the anionic and cationic

components of the IL depending on the water model. When

one moves from the IL�1 to the IL�0.9 model, interactions are

scaled down as expected, but the order is retained. In the

‘‘humid’’ IL (IL�0.9 model), we compared the water–IL inter-

action energies DE with the TIP5P and TIP3P models, based

on identical configurations (generated with the TIP3P model),

and found identical total DEs, again due to different contribu-

tions of the IL cations and anions (Table 5). Thus, there is

again no simple explanation of the higher and exaggerated

mixing with TIP3P water, compared to the other models,

based on water–ion interactions.

A possible explanation comes from the higher diffusion of

TIP3P water compared to the SPC/E or TIP5P water. The

average diffusion coefficients D (in 10�5 cm2 s�1) of water in

the ‘‘bulk’’ water phase in contact with the IL�0.9 liquid are:

3.4, 1.6 and 2.1 with the TIP3P, SPC/E and TIP5P models,

respectively, in the PI simulations, and 3.1, 1.7 and 2.0 in the

DE simulations (Table S1z). They are smaller than in pure

water (5.5, 2.7 and 2.7, respectively, according to independent

simulations using the same protocol as for the interfaces, or

5.1, 2.5 and 2.6, respectively, from ref. 45) due to the confine-

ment of water between IL slabs, and the solubilization of IL

ions in that domain. These results are consistent with the

observations that interfacial and transport properties of

TIP3P water obtained with Ewald summation methods are

further from experiment than the cut-off based results,60 i.e.

obtained using conditions in which the model has been devel-

oped.42 Also, note that with all models studied, the diffusion of

H2O and IL ion molecules increases with the humidity, i.e.

when one moves from the ‘‘bulk’’ IL to the interface and to

bulk water, in agreement with experimental observations.10,57

Generally, water is found to exchange from the bulk aqu-

eous phase to the IL phase during the dynamics (see cumu-

lated H2O positions in Fig. 6), and this process is also model

dependent. For instance, at the IL�0.9 interface, the number of

water molecules whose lifetime in the bulk water phase (with-

out exchanging with the IL or the interface) is at least 0.5 ns is

only four with TIP3P water, and ca. 40 with SPC/E or TIP5P

water. The same results are found at the end of the PI or DE

simulations (Table S1z), which indicates that the difference

does not stem from insufficient equilibration of the systems.

Thus, the properties of the water mixtures with ionic liquids do

not only depend on the pair-wise interactions between liquid

components, but also on other components (e.g. solvophobic

interactions, including entropy effects) and on dynamics.

There are different states of water in the IL phase according

to spectroscopic investigations17 and to the simulations. Even

in the IL�0.9-TIP5P system, where intermixing is the least

pronounced, one finds in the IL phase, in addition to water

monomers, water oligomers. Examination at the graphics

system and snapshots (Fig. 7) show that each water proton

is typically H-bonded to one PF6
� anion, whereas the water

oxygen points towards C2H or C4H aromatic protons of

BMI+ cations in the case of monomers. Water fluctuates in

these micro-basins for several hundreds of picoseconds before

‘‘jumping’’ to the next basin (see cumulated trajectories for

1 ns in Fig. 6). Also note that, at longer time periods, water

exchanges between the bulk IL and bulk water phases (com-

pare cumulated views for 5 ns in Fig. 6). This does not happen

with classical hydrophobic organic solvents. It is interesting to

compare two ionic liquids with a same cation (BMI+) but

different anions (PF6
� versus Tf2N

�), simulated with the same

Table 5 Average interaction energies (in kcal mol�1) of one ion pair with all water,a of one water molecule with all IL ions,b, c averaged over all
H2Os from the mixturec

One ion pair in bulk water a One H2O in bulk IL�0.9 b One H2O in bulk IL�1 b Humid IL�0.9 c

BMI+0.9 PF6
�0.9 BMI+0.9 PF6

�0.9 BMI+1 PF6
�1 BMI+0.9 PF6

�0.9

Water TIP3P �64 � 6 �96 � 7 �5 � 2 �10 � 2 — — �3.1 �7.4
Water TIP5P �74 � 6 �84 � 7 �6 � 2 �6 � 2 �3 � 2 �8 � 3 �4.0d �6.1d
Water SPC/E �65 � 5 �98 � 7 �6 � 2 �8 � 2 �4 � 2 �10 � 3 — —

MD simulations of:a 1 BMI+, PF6
� ion pair in water. b 1 H2O in bulk IL. c ‘‘Humid’’ IL (with a 1 : 3 ratio of water : IL, i.e. with 573 ion pairs plus

191 H2O molecules). d The TIP5P energies have been calculated based on the configurations generated with the TIP3P model.
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models (IL�0.9 � TIP3P). Interestingly, the diffusion coeffi-

cient of water in the IL phase with [BMI][PF6]
�0.9 (this study)

is ca. twice higher than with the [BMI][Tf2N]�0.9 ionic liquid,41

presumably because the isotropic charge distribution of the

PF6
� anions provides a better relay to assist the water migra-

tion, compared to the amphiphilic Tf2N
� anion whose H-

bonding interactions are more stereochemically demanding.

This is also consistent with the fact that the [BMI][PF6] IL is

more hygroscopic than [BMI][Tf2N], leading to higher diffu-

sion of its components.10,57

The different states of water in the IL most likely corre-

spond to different timescales concerning the structure and

dynamics of the IL phase, implying temperature-dependent

specific equilibration issues. When compared to the binary

systems with hydrophobic organic liquids, the water–IL sys-

tems separate much more slowly (in ca. 20 ns or more in our

simulations for the water–IL, and in less than 1 ns for the

water–chloroform mixture).58 We believe that the equilibra-

tion problems met with IL’s simulations on ‘‘nano solutions’’

reflect those met experimentally. Note the different experi-

mental solubility values reported for the binary system studied

(Table 2), likely due to the different protocols and possible

impurities in the IL. Similarly, the water solubility in the

[BMI][Tf2N] IL has been reported to range from 0.077 to

0.3256 in molar fraction, probably dependent on the experi-

mental protocol. Surface tension measurements indicate that

the surface tension of the biphasic water–[BMI][Tf2N] system

decreases from 15.9 to 13.7 dyne cm�1 after several hours

when the two purified liquids were placed in contact, illustrat-

ing specific issues with the ILs and their interfaces.61 To our

knowledge, there are no such equilibration problems with

classical molecular liquids. On the computational side, an

important challenge will be to investigate the size dependence

of the interfacial system, in conjunction with the representa-

tion of the potential energy by more elaborate (e.g. polariz-

able)36 force fields.

Fig. 7 Snapshots of a water monomer (left) and oligomers (middle) with cumulated positions (right) after 20 ps in the IL phase of the

IL�0.9�TIP5P interface (at 20 ns).

Fig. 6 (a) The IL�0.9–TIP5P interface (at 20 ns). Cumulated positions of one selected H2O molecule in the bulk IL, during the last 1 ns (left) and

the last 5 ns (right), every 5 ps. The final configuration of water is faintly superposed. Lines 1–3 correspond to three different water molecules.
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